. SCLC-associated CUL5 and SOCS3 deficiency promotes SCLC progression by impairing integrin β1 degradation. (A) Schematic illustration of CUL5 mutants reported in human SCLC. (B) IB analyses of WCLs and IP from HEK293 cells transfected with SCLC-associated CUL5 mutants and Flag-SOCS3. Cells were treated with 10 μM MG132 for 10 hours before harvesting. Tubulin was used as a loading control. (C) IB analysis of lysates from the human SCLC cell line H345 stably expressing Flag-tagged WT-CUL5 or the indicated SCLC-associated CUL5 mutants. Actin was used as a loading control. (D) Schematic diagram of SOCS3 domains and a mutation found in human SCLC. (E) Co-IP analysis of the interaction of Flag-ITGB1 with the indicated SOCS3 constructs in HEK293T cells. Tubulin was used as a loading control. (F) IB analysis of lysates from H345 cells transfected with the indicated constructs. Actin was used as a loading control. (G and H) Representative images of IHC staining for integrin β1, CUL5, and SOCS3 from 128 SCLC specimens. Scale bars: 50 μm. (I) A significant negative correlation between CUL5-SOCS3 and integrin β1 levels was observed in human SCLC clinical samples. Statistical significance was determined using a χ 2 test. CUL5/SOCS3 low indicates that CUL5 and/or SOCS3 levels were low; CUL5/SOCS3 high indicates that both CUL5 and SOCS3 levels were high. (J) Relative CUL5, SOCS3, and integrin β1 IHC scores were plotted on the basis of the Wilcoxon matched-pairs test. Data represent the mean ± SEM. *P < 0.05 and **P < 0.01, by Student's t test. (K and L) Kaplan-Meier curves show the overall survival of SCLC patients with high or low expression of CUL5 and SOCS3 (K) and integrin β1 (L). Statistical significance was determined by log-rank test. (M) Sequencing of mRNA indicated that SOCS3 levels were significantly downregulated in human SCLC compared with levels in nontumor (NT) tissue. ***P < 0.001, by Student's t test.
Introduction
Small-cell lung cancer (SCLC) is the most aggressive and highly metastatic subtype of lung cancer and accounts for approximately 15% of all lung cancer cases (1). The 5-year survival rate is only about 10% for patients with limited-stage SCLC and less than 1% for those with extensive-stage disease (2, 3) . Unfortunately, our understanding of SCLC pathogenesis is still very limited, largely because of the lack of clinical samples, e.g., approximately 70% of patients with SCLC have metastases at the time of initial diagnosis and rarely undergo surgery (1, 4) . Interestingly, genetic analyses of clinically available SCLC specimens demonstrate that the retinoblastoma protein (RB1) and tumor protein p53 (TP53) alleles are concurrently inactivated in almost all SCLCs (5) . Mirroring this clinical observation, homozygous deletion of both Rb1 and Trp53 alleles in mouse lung epithelia leads to the formation of SCLC, which pathologically recapitulates the malignant progression of human SCLC (6) . This Rb1 fl/fl Trp53 fl/fl (referred to herein as RT) SCLC mouse model was proven important for gaining insight into the malignant progression of SCLC. For example, these mouse RT SCLCs display strong intratumoral heterogeneity, with different subpopulations containing low metastatic potential, and the cooperation of these tumors is necessary for promoting SCLC metastasis (7) . Other studies have also uncovered the important role of epigenetic regulators such as nuclear factor I B (NFIB) and enhancer of zeste 2 polycomb repressive complex 2 subunit (EZH2) in SCLC propagation and metastasis (8, 9) . Like human SCLC, mouse RT SCLC features the expression of neuroendocrine markers such as neural cell adhesion molecule (NCAM) (6) . Moreover, the genetic or molecular alterations frequently observed in human SCLC, such as activation of MYC, SRY-box 2 (SOX2), and other signaling pathways including Notch, Hedgehog, and WNT, are also detectable in mouse RT SCLC (10) (11) (12) (13) (14) (15) (16) .
Previous studies have indicated the potential involvement of integrins in SCLC malignant progression (17, 18) . Integrins, importantly, mediate cell-cell adhesion, cell-matrix interactions, as well as cancer cell migration and metastasis (19, 20) . Integrins are composed of noncovalently associated α and β subunits, which form heterodimeric receptor complexes for extracellular matrix (ECM) molecules, with each subunit having a large extracellular domain, a single-membrane-spanning domain, and a short, noncatalytic cytoplasmic tail (19) . By directly binding to the ECM components and providing the traction necessary for cell motility and invasion, integrins play the major role in regulating cell proliferation and motility and, as a consequence, metastatic capability. Upon ligation to the ECM, integrins cluster in the Metastasis is the dominant cause of patient death in small-cell lung cancer (SCLC), and a better understanding of the molecular mechanisms underlying SCLC metastasis may potentially improve clinical treatment. Through genome-scale screening for key regulators of mouse Rb1 -/-Trp53 -/-SCLC metastasis using the pooled CRISPR/Cas9 library, we identified Cullin5 (CUL5) and suppressor of cytokine signaling 3 (SOCS3), two components of the Cullin-RING E3 ubiquitin ligase complex, as top candidates. Mechanistically, the deficiency of CUL5 or SOCS3 disrupted the functional formation of the E3 ligase complex and prevented the degradation of integrin β1, which stabilized integrin β1 and activated downstream focal adhesion kinase/SRC (FAK/SRC) signaling and eventually drove SCLC metastasis. Low expression levels of CUL5 and SOCS3 were significantly associated with high integrin β1 levels and poor prognosis in a large cohort of 128 clinical patients with SCLC. Moreover, the CUL5-deficient SCLCs were vulnerable to the treatment of the FDA-approved SRC inhibitor dasatinib. Collectively, this work identifies the essential role of CUL5-and SOCS3-mediated integrin β1 turnover in controlling SCLC metastasis, which might have therapeutic implications.
Cullin5 deficiency promotes small-cell lung cancer metastasis by stabilizing integrin β1
Gaoxiang Zhao, 1 Liyan Gong, 1 Dan Su, 2 Yujuan Jin, 1 Chenchen Guo, 1 Meiting Yue, 1 Shun Yao, 1 Zhen Qin, 1 Yi Ye, 1, 3 Results
Genome-wide CRISPR/Cas9 library screening identifies candidate genes involved in SCLC metastasis.
A previous study has shown that mouse RT SCLC cells frequently harbored low metastatic potential in immunodeficient nude mice allograft assays (6) . To screen for genes involved in SCLC metastasis, we infected mouse primary RT SCLC cells with a genome-scale library of lentivirus containing 67,405 sgRNAs targeting 20,611 protein-coding genes and 1,175 miRNA precursors in the mouse genome (43) ( Figure 1A and Supplemental Figure 1A ; supplemental material available online with this article; https://doi.org/10.1172/JCI122779DS1). After in vitro culturing for 1 week, a total of 6 × 10 7 cells were subcutaneously injected into the flanks of 60 immunocompromised nude mice (1 × 10 6 cells per mouse), and spontaneous distant organ metastases were then analyzed 7 weeks after inoculation ( Figure  1A ). Control (sgCtrl) and library sgRNA-transduced cells formed tumors with NCAM expression (the SCLC biomarker), and these allograft tumors grew at comparable rates and with proliferative indexes (Figure 1 , B and C, and Supplemental Figure 1B) . Interestingly, in the mice transplanted with library sgRNA-transduced RT cells, SCLC metastases were visually detectable in the lung, liver, chest wall, and diaphragm ( Figure 1D ). In contrast, none (0 of 5) of the control mice developed detectable metastases in the lungs or liver (Figure 1, D and E) . Following the dissection and collection of 461 metastatic tumors for PCR amplification and sequencing, we identified a total of 142 candidate genes potentially involved in SCLC metastasis (Supplemental Table 1 ). Nf2, a well-known tumor suppressor gene, was among the top-10 candidates (44) ( Figure 1F ). Importantly, we found that the Cul5 gene stood out as the top hit in the screening and that knockout of Cul5 also resulted in the most diverse spectrum of organ metastases ( Figure 1F ). These data suggest that Cul5 might play an important role in regulating SCLC metastasis.
Genetic deletion of Cul5 promotes SCLC metastasis. It is worth noting that a component of the CUL5-containing complex, SOCS3, was also among the top hits. CUL5 and SOCS3 are known to form a functional CRL5 E3 ubiquitin ligase complex via the bridging of Elongin BC (36, 45, 46) to promote substrate degradation (39) . We therefore chose to focus on CUL5 and SOCS3 and made individual knockouts to test the impact of their deletion on SCLC metastasis (Figure 2A ). We first confirmed the knockout efficiency of Cul5 or Socs3 sgRNA in vitro ( Figure 2B and Supplemental Figure 2A ) and then transplanted these cells into nude mice. Distant metastases were assessed 5 weeks after transplantation (Figure 2A ). All the mice (5 of 5) from the sgCul5 group developed lung metastases, in stark contrast to no metastases (0 of 5) in mice in the control group ( Figure 2, C and D) . Knockout of the Cul5 gene also promoted liver metastasis (1 of 5 mice) and chest wall metastasis (1 of 5 mice) ( Figure 2E ). Similarly, obvious lung metastases (5 of 5) and lymph node (LN) metastases (1 of 5) were detected in the sgSocs3 group (Figure 2 , C, D, and F). These data highlight the contribution of both CUL5 and SOCS3 to SCLC metastasis.
Another notable finding is that the allograft tumors from the sgCul5 group grew significantly faster (Supplemental Figure 2B) . Although no obvious difference in cell proliferation was detected in vitro (Supplemental Figure 2C) , we found that Cul5 knockout clearly promoted anchorage-independent growth of RT cells (Figplane of the membrane and recruit various proteins to form structures known as focal adhesions (21) . Despite the lack of kinase activities, integrins can form a cluster and allow the intracellular domain of their β subunit to recruit and activate kinases, such as focal adhesion kinases (FAKs), SRC family kinases (SFKs), and other signaling proteins, which then elicit specific intracellular signaling events in response to various environmental stimuli (22) . In SCLC, integrin β1 is the predominant integrin β subunit and known as a potential marker of poor prognosis (17, 18, (23) (24) (25) . Functionally, integrin β1 may facilitate SCLC development via promotion of cell migration and invasion through the formation of various α2β1, α3β1, α6β1, and αvβ1 integrins (26, 27) . Therefore, integrin β1 is considered a potential oncoprotein in the promotion of SCLC malignant progression. However, little is known about how integrin β1 is pathologically deregulated in SCLC.
The ubiquitin-proteasome system is important for homeostasis of many key proteins including various oncoproteins and tumor suppressors (28, 29) . Ubiquitin molecules are conjugated to protein substrates as signals for proteasome degradation. The specificity of to-be-degraded substrates is determined by ubiquitin E3 ligases, which simultaneously associate with specific substrates and position the E2 for ubiquitin conjugation to the substrate (30) . Cullin-RING ubiquitin-protein ligases (CRLs) are the largest class of ubiquitin E3 ligases, and Cullin proteins serve as the scaffold and central component of the whole E3 ligase complex by recruiting substrate recognition subunits at the N-terminus and RING proteins (RBX1 and RNF7) at the C-terminus, respectively (28, 31) . The best-characterized mammalian Cullin family member is Cullin1, which is a component of the multiprotein ubiquitin ligase complex referred to as Skp1-Cul1-F box protein (SCF), or CRL1, and is involved in the degradation of key factors such as c-Myc, β-catenin, and p27 (32) (33) (34) . Different from Cullin1, Cullin5 (CUL5) associates with SOCS box proteins, the RING finger protein RNF7, and the adaptor complex Elongin BC to form functional CRL5 E3 ligases (35) . The SOCS box proteins are known to determine the substrate specificity and functions of CRL5 E3 ligases (36, 37) , and more than 40 SOCS box proteins have been identified (38) . Although several substrates of CRL5 have been identified recently (39) (40) (41) , little is known about how CRL5 E3 ligases function in SCLC.
Recently, the genome-scale CRISPR/Cas9 screen has been proven to be a powerful method for identifying key regulators involved in the malignant progression of cancer, providing a better understanding of disease progression and improved clinical treatments (42) . Here, using a mouse RT SCLC spontaneous metastasis model, we performed a genome-wide CRISPR/Cas9 library screen and identified Cul5 as the essential gene in controlling SCLC metastasis. Mechanistically, genetic deletion of Cul5 or Socs3 substantially enhanced SCLC growth and metastasis through blockage of integrin β1 degradation. We found that low expression of CUL5 and SOCS3 was markedly associated with high integrin β1 expression in clinical specimens and poor patient survival. Furthermore, treatment with the SRC inhibitor dasatinib dramatically inhibited the metastasis promoted by elevated integrin β1/FAK/SRC signaling in CUL5-defective SCLC. Taken together, our study reveals the key mechanism governing integrin β1 levels in malignant progression of SCLC and identifies SRC as a potential therapeutic target for CUL5-defective SCLC. Figure 2H ). These data identify a critical role of Cul5 in SCLC metastasis in addition to its role in affecting primary tumor growth. Circulating tumor cells (CTCs) are the hallmark of tumor metastatic capability (48) . To test whether Cul5 knockout increased tumor cell intravasation and/or survival, we established RT cells stably expressing GFP with or without Cul5 knockout for allograft assays and quantified CTCs in the blood of nude mice from different groups ( Figure 2I) . To avoid the impact of tumor volume on SCLC dissemination, we collected whole blood for flow cytometric ure 2G). These data supported the idea of an essential role of CUL5 in regulating SCLC tumor growth as well as malignant progression. To functionally dissect the role of Cul5 in SCLC metastasis from that in primary tumor growth, we established a postsurgical metastasis model as previously described (47) . To this end, we resected the allograft tumors of comparable volume from mice of both groups and allowed the mice to live for another 4 weeks before metastasis analyses. Interestingly, we detected a clear difference in postsurgical metastasis between the sgCul5 group and the control group: lung metastases were found in all the mice from the sgCul5 metastasis, we speculated that CUL5 and SOCS3 might converge upon the same molecule to regulate metastasis. A previous study indicated an essential role of various integrins in SCLC metastasis (17, 18, 24, 27) . We postulated that certain integrin molecules might be modulated by the CUL5-SOCS3 E3 ligase complex. We performed a small screen for the substrates of the CUL5-SOCS3 complex and found that knockout of Cul5 and Socs3 led to a dramatic increase in endogenous integrin β1 (encoded by ITGB1) but not integrin α1 or α2 ( Figure 3 , A and B). Consistently, shRNAquantification of GFP + CTCs when mice from both groups developed tumors of comparable volume. We consistently observed more GFP + CTCs in the sgCul5 group than in the control group ( Figure 2I ). These data indicate that Cul5 deletion promotes SCLC dissemination and metastasis.
The CUL5-SOCS3 ubiquitin ligase complex promotes integrin β1 degradation. We next investigated the molecular mechanism of Cul5 deletion in promoting SCLC metastasis. Since deletion of Cul5 or Socs3 resulted in similar phenotypes for promoting SCLC Unlike other CRLs, CRL5 depends on RNF7 rather than RBX1 to ubiquitinate the substrates (31) . Indeed, knockdown of RNF7 but not RBX1 dramatically increased integrin β1 protein levels ( Figure 4A ). We further showed that knockdown of CUL5, SOCS3, and RNF7 clearly extended the half-life of endogenous integrin β1 ( Figure 4 , B-E, and Supplemental Figure 3F ), suggesting that CUL5, SOCS3, and RNF7 are the components of the master E3 ligase responsible for integrin β1 degradation. K48-, K63-, and K11-linked polyubiquitination is regarded as a classical signal to guide the substrates to the proteasome for degradation (50) , while a recent study indicated that the CRL5 E3 ligase may degrade substrates via K11 linkage (39) . We consistently found that ectopic SOCS3 promoted K11-only ubiquitin (K11-only Ub) (all K residues mutated to R except K11), but not K11-R-Ub (only K11 mutated to R), to mediate integrin β1 polyubiquitination ( Figure 4F and Supplemental Figure 3G ). Therefore, the CUL5-SOCS3 ligase complex mainly promotes K11-linked polyubiquitination of integrin β1. mediated knockdown of CUL5 and SOCS3 clearly elevated integrin β1 protein levels ( Figure 3 , C and D). The mRNA levels of integrin β1 in sgCul5-or sgSocs3-transduced cells were comparable to those in control cells (Supplemental Figure 3A) , indicating that CUL5 and SOCS3 mainly modulated integrin β1 at the posttranscriptional level. Further, treatment with the proteasome inhibitor MG132 or the NEDD8-activating enzyme inhibitor MLN4924 (often used to suppress CRL E3 ligase activity) (49) caused an obvious elevation of integrin β1 protein levels, but only MG132 increased its polyubiquitination, indicating that integrin β1 is an unstable protein that is likely governed by CRL E3 ligase complexes ( Figure 3 , E and F, and Supplemental Figure 3B ). To further confirm the role of the CUL5-SOCS3 complex in regulating integrin β1, we validated the interaction between integrin β1 and CUL5-SOCS3 by co-IP and GST-pulldown assays ( Figure 3 , G-J, and Supplemental Figure 3 , C-E). These data support the notion that integrin β1 is a bona fide degradation substrate of CUL5-SOCS3 complex. To further identify the specific lysine residues in the cytoplasmic region of integrin β1 that are conjugated with the ubiquitination chain, we generated a set of integrin β1 mutants by substituting individual lysine (K) residues with arginine (R) residues and tested their responses to CUL5-SOCS3-mediated ubiquitination and degradation (Supplemental Figure 3H) . We found that integrin β1-K752R and integrin β1-K768R mutants were more resistant to SOCS3-induced degradation and less ubiquitinated compared with WT integrin β1 ( Figure 4G and Supplemental Figure 3 , I-K). As SOCS3-mediated protein degradation may require specific phosphorylation of tyrosine residues (51), we examined whether degradation of integrin β1 is also phosphorylation dependent. We found that neither the interaction between SOCS3 and integrin β1, nor the degradation of integrin β1 was affected by the mutation of tyrosine residues in the cytoplasmic part of integrin β1 (Supplemental Figure 3 , L and M). Collectively, these data demonstrate that the CUL5-SOCS3 complex specifically recognizes integrin β1 and modulates K11-linkage-specific integrin β1 degradation (Figure 4H) . Indeed, in vivo data from the Deficiency of the CUL5-SOCS3 complex is associated with increased integrin β1 protein levels and poor prognosis for patients with SCLC. Through our analysis of public data sets in the cBioPortal database (http://cbioportal.org), we found that 4 patients bore CUL5 mutations and 1 patient had a SOCS3 mutation among 101 SCLC cases examined (Supplemental Figure 4, A-D) . Moreover, the median survival was 40% shorter in the CUL5 mutation group (15 months vs. 25 months) and 8% shorter in the SOCS3 mutation group (23 months vs. 25 months) (Supplemental Figure 4, C and D) .
As integrin β1 abundance is tightly controlled by the CUL5-SOCS3 E3 ligase complex, we next investigated whether these patient-derived CUL5 or SOCS3 mutations impaired the complex formation as well as integrin β1 degradation. Interestingly, all four CUL5 mutations tested (including K137T, R167I, M262V, and K286R) drastically reduced CUL5 interaction with SOCS3 ( Figure 5, A and B) . When reexpressed, only WT CUL5, but not any mutants, appeared to reduce endogenous integrin β1 levels in sgCUL5-treated SCLC cells ( Figure 5C ). We also examined the SOCS3 mutation K28R found in human SCLC. Strikingly, we found that the SOCS3 K28R mutant failed to interact with integrin β1 and promote its degradation, which is very similar to what occurs with deletion of the substrate-interacting SH2 domain (37, 52) ( Figure  5 , D-F). These results support the idea that the CUL5 and SOCS3 mutations detected in SCLC disable CUL5-SOCS3 E3 ligase complex formation and prevent the degradation of integrin β1.
In order to gain a more general insight into the association between the CUL5-SOCS3 complex and integrin β1 in clinical specimens, we examined a total of 128 human SCLC samples. We found a significant inverse correlation between integrin β1 levels and expression of CUL5 and/or SOCS3 ( Figure 5 , G-I) and that SCLC specimens from extensive-stage patients were associated with low CUL5 and SOCS3 levels and high integrin β1 levels (Figure 5J) . We further found that low CUL5 and SOCS3 levels and high integrin β1 levels were significantly associated with shorter patient survival ( Figure 5 , K and L), respectively. Moreover, RNASeq results from 19 human SCLC specimens showed that SOCS3 mRNA levels were significantly reduced in tumor tissues when compared with levels in nontumor tissues ( Figure 5M ), consistent with previously published data (10) (Supplemental Figure 4E) . These results suggest that inactivation of the CUL5-SOCS3 complex caused by mutations or expressional downregulation of CUL5 and/or SOCS3 might impair integrin β1 degradation and lead to poor prognosis for patients with SCLC.
Deficiency of the CUL5-SOCS3 complex promotes SCLC metastasis via activation of integrin β1/FAK/SRC signaling. We continued to explore the mechanisms underlying SCLC metastasis driven by CUL5-SOCS3 deletion and integrin β1 stabilization. It is well established that integrins signal through the recruitment and activation of downstream factors including FAK and SRC, which form a dual kinase complex and promote cancer cell migration (21, 53) . We therefore tested whether the CUL5-SOCS3 deletion affected FAK/SRC signaling through integrin β1 in SCLC. As with integrin β1 overexpression, the depletion of CUL5 or SOCS3 in human and mouse SCLC cells promoted FAK Tyr397 phosphorylation (p-FAK) and SRC Tyr416 phosphorylation (p-SRC), indicating FAK and SRC activity, respectively, without affecting FAK and SRC protein abundance ( Figure 6 , A and B, and Supplemental Figure 5B ). Ectopic expression of SOCS3 consistently led to a drastic decrease in the levels of integrin β1 as well as p-FAK and p-SRC ( Figure 6C) . Moreover, the depletion of integrin β1 effectively inhibited the phosphorylation of FAK and SRC triggered by knockout of Cul5 or Socs3 (Figure 6 , D and E, and Supplemental Figure 5A ). These data demonstrate that deletion of the CUL5-SOCS3 complex activates FAK/SRC pathways via stabilization of integrin β1 in SCLC.
Recent studies have shown that the FAK-SRC complex is activated in many types of cancers and necessary for integrin-mediated tumor cell migration and metastasis (54, 55) . It is possible that the elevated integrin β1/FAK/SRC signaling promoted SCLC cell migration and metastasis on a CUL5-and SOCS3-defective background. Indeed, ectopic expression of integrin β1 activated FAK and SRC kinases and promoted the migration of SCLC cells in Transwell assays (Supplemental Figure 5, B-D) . Consistently, deletion of CUL5 or SOCS3 promoted SCLC cell migration, which could be largely abolished by concurrent deletion of integrin β1 or FAK and SRC kinases (Figure 6 , F and G). Concordantly, overexpression of CUL5 or SOCS3 inhibited SCLC cell migration (Supplemental Figure 5 , E-G). These data demonstrate that the CUL5-SOCS3 complex might modulate SCLC cell migration at least partially through governing integrin β1 protein abundance and downstream FAK/SRC signaling.
Our data further showed that Cul5-or Socs3-knockout SCLC cells clearly increased the incidence of lung metastases in allograft experiments ( Figure 6 , H-J), similar to what was observed with integrin β1 overexpression (Supplemental Figure 5H) . Moreover, ectopic expression of degradation-resistant mutant integrin β1-K752R/K768R promoted SCLC metastasis, even in the case of SOCS3 overexpression (Supplemental Figure 5 , I and J). Strikingly, deletion of Itgb1, Fak, or Src almost completely abolished the strong metastasis triggered by Cul5 and Socs3 deletion ( Figure 6 , H-J). We also observed increased transcription of classical metastasispromoting genes, including Mmp14, Vegf, and Nfib, and reduced anoikis in Cul5-or Socs3-knockout cells (Supplemental Figure 5 , K and L). Together, these results strongly suggest that disruption of the CUL5-SOCS3 complex activates integrin β1/FAK/SRC signaling and thereby promotes SCLC metastasis.
Dasatinib treatment inhibits SCLC metastasis driven by CUL5 deficiency. Previous studies have identified an essential role of SRC in malignant cancer progression (56) . Given the robust inhibition of Cul5-defective SCLC metastasis through Src deletion, we reasoned that SRC inhibition might work effectively to suppress SCLC metastasis. To this end, we used the FDA-approved SRC inhibitor dasatinib to treat allograft SCLC tumors with or without Cul5 knockout. Tumor-bearing mice were intragastrically administered vehicle or dasatinib. We found that dasatinib treatment had almost no effect on allograft tumors with intact Cul5 (sgCtrl group) ( Figure 7A and Supplemental Figure 6, A and B ). In contrast, dasatinib treatment significantly suppressed primary tumor growth in the sgCul5 group ( Figure 7A ). Reduced cell proliferation and increased apoptosis were further confirmed by Ki-67 and cleaved caspase-3 (CC3) staining ( Figure 7 , B and C). More important, dasatinib treatment drastically reduced the number and burden of lung metastases in the sgCul5 group, without significant body weight loss (Figure 7 , D-F, and Supplemental Figure 6 , C-E). As integrin β1 is known to promote angiogenesis, by which that the SRC inhibitor dasatinib might serve as an effective therapy for SCLC with CUL5 and SOCS3 deficiency ( Figure 8F ). Together, our study not only uncovers mechanisms underlying SCLC metastasis but also provides a potential therapeutic strategy for the treatment of metastatic SCLC.
As the largest ubiquitin ligase family, CRL complexes are speculated to modulate the proteolysis of thousands of proteins (28) . CRL5 complexes were previously shown to degrade signaling proteins such as JAK2 (52), gp130 (58) , and Cas (59) and found to be downregulated in various cancers (60) (61) (62) . However, the potential role of CRL5 in tumor metastasis, especially in SCLC metastasis, remains unexplored. In the present study, we identified CUL5 and its adaptor protein SOCS3 as potential suppressors of SCLC metastasis through the formation of a functional CRL5 E3 complex to degrade integrin β1. In keeping with a critical role of the CUL5-SOCS3 complex in SCLC, we found that SOCS3 mRNA levels are decreased in human SCLC specimens and that decreased expression of CUL5 and SOCS3 is associated with a poor prognosis for patients with SCLC. In accordance with this, CUL5 and SOCS3 mutants identified in clinical specimens failed to form a functional E3 ligase complex to degrade integrin β1. The patients with CUL5 and SOCS3 mutations also tended to have a poorer prognosis, further supporting the importance of CUL5 and SOCS3 dysfunction in SCLC metastasis. These findings also indicate that deficiency of Cul5 and Socs3, in addition to loss of Rb1 and Trp53, would create a more useful de novo cancer model with which to study malignant progression and metastasis of SCLC and would lead to improved therapeutic strategies.
Previous studies have highlighted the heterodimerization between integrin β1 and other α forms in cancer metastasis (20, 63) . The strategy of targeting integrin β1 showed some efficacy in blocking cancer growth and metastasis in preclinical models and in patients with advanced solid tumors (20) . In fact, SCLC tumors frequently grow in an ECM-rich environment and are surrounded by ECM proteins such as fibronectin (an integrin α5β1 ligand), collagen IV (an integrin α1β1 ligand), and tenascin (an integrin α8β1 ligand) (26, 27, 64) , and excessive ECM deposition correlates with a high metastatic potential and the development of chemoresistance in SCLC (26) . Integrin β1 is considered the dominant type of β integrin (β1>>β2≧β3≈β4) detected in human SCLC cell lines (17) . And another study using Northern blot analysis even indicated that ITGB1 is the only β form of integrins detected in SCLC (23) . These reports suggest that integrin β1 might be the major integrin mediating the interaction between SCLC cells and the ECM. Besides the involvement in SCLC metastasis, integrin β1 is also known to regulate chemoresistance (64) . Previous studies on the posttranslational modulation of integrin β1 indicate that several factors including c-Cbl, USP10, and SNX17 regulate integrin β1 stability (65) (66) (67) . Although none of these factors stood out in our screening of SCLC metastasis regulators, we identified the CUL5-SOCS3 E3 ligase complex as the master regulator responsible for integrin β1 degradation and abundance control, at least in SCLC. These results are consistent with the significant association between the high integrin β1 levels and the low CUL5 and SOCS3 levels observed in clinical samples. Although integrin β1 plays a crucial role in CRL5-deficient SCLC metastasis, other substrates controlled by the CUL5-SOCS3 complex might also it facilitates cancer cell dissemination and metastasis (57), we assessed the level of the endothelial marker CD31 as the indicator of angiogenesis. We found that dasatinib treatment also significantly reduced CD31 levels in sgCul5 allograft tumors ( Figure 7 , B and C, and Supplemental Figure 6, A and B) . Collectively, these results indicate that CUL5-defective mouse SCLC tumors might be sensitive to dasatinib treatment.
We next examined the effects of dasatinib on human SCLC. We first performed sgRNA-mediated knockout of CUL5 and SOCS3 in multiple human SCLC cell lines including H345, H82, H209, and H446. An in vitro cell proliferation assay showed that knockout of CUL5 and SOCS3 had no impact on sensitivity to dasatinib treatment (Supplemental Figure 6, F-H) . In contrast, dasatinib treatment significantly inhibited the migration of CUL5-and SOCS3-knockout cells (Figure 8 , A and B, and Supplemental Figure  6 , I and J). We further subcutaneously transplanted CUL5-knockout human H345 cells into nude mice to establish the xenograft tumors for dasatinib treatment. Importantly, we found that dasatinib treatment significantly inhibited the growth of CUL5-knockout xenograft tumors ( Figure 8C ), and immunohistochemical staining indicated significantly decreased proliferation and increased apoptosis in CUL5-knockout tumors after treatment with dasatinib (Figure 8, D and E, and Supplemental Figure 6 , K and L). These results further suggest that dasatinib treatment might serve as an effective therapy for human CUL5-defective SCLC.
Discussion
Here we performed genome-wide CRISPR/Cas9-knockout screening to identify important regulators of SCLC metastasis using an allograft tumor model. Our results suggested that deficiency of either CUL5 or SOCS3, two components of the CRL5-E3 complex, will substantially promote SCLC metastasis by stabilizing integrin β1 and stimulating integrin β1 downstream signaling including FAK and SRC ( Figure 8F ). Our work further indicates Data represent the mean ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001, by 1-way ANOVA followed by the Newman-Keuls multiple comparisons test. cal SCLC with CUL5 and SOCS3 deficiency, in addition to its current application in leukemia treatment (73) . It is also plausible that combining dasatinib with traditional chemotherapy such as etoposide might improve the clinical outcome of CUL5-defective SCLC. Taken together, we believe our study not only provides mechanistic insight into SCLC metastasis but also sheds new light on the potential for further improvements in the treatment of SCLC.
Methods
Reagents and antibodies. DMSO, cycloheximide (CHX), Tween-80, and polyethylene glycol (PEG-400) were purchased from MilliporeSigma. MLN4924 and MG132 were purchased from Selleck Chemicals. MLN4924 and MG132 were dissolved in DMSO. Dasatinib was purchased from MedChemExpress. RNAase, DMEM, RPMI-1640, FBS, penicillin, and streptomycin were purchased from Invitrogen (Thermo Fisher Scientific). Puromycin was purchased from Invitrogen (Thermo Fisher Scientific). PVDF membranes (Hybond-P) were purchased from GE Healthcare Life Sciences. Protein A/G agarose was purchased from Santa Cruz Biotechnology. The following antibodies were used for immunoblotting: integrin β1 (catalog ab52971) and integrin α2 (catalog ab181548) (both from Abcam); SRC pY416 (product no. 2101s), CC3 (product no. 9661s), Myc (product contribute to SCLC metastasis and will need to be further clarified in future studies.
Recent progress in basic cancer biology has helped the development of effective targeted therapy for many cancer types (68, 69) . However, the therapeutic options for SCLC treatment are still largely limited. Understanding the mechanisms underlying the metastatic nature of SCLC is the key to improving the clinical treatment of SCLC. Kinases represent ideal targets for rational targeted therapies, given their well-established druggability (70, 71) . We found that CUL5 and SOCS3 deficiency promoted SCLC cell migration and metastasis via integrin β1/FAK/SRC pathways and that the depletion of FAK and SRC kinases strongly blocked the metastasis of CUL5-and SOCS3-deficient SCLC. Thus, inhibition of FAK/SRC signaling could potentially serve as an effective therapy for this specific subset of SCLC. Studies in multiple model systems support the high efficacy of the SRC inhibitor dasatinib in inhibiting metastasis (56, 72) . Given these substantial preclinical observations, dasatinib appears promising for the treatment of metastatic tumors. Along this line of thought, we tested the efficacy of dasatinib in a tumor metastasis assay and found that CUL5-deficent SCLCs are vulnerable to dasatinib treatment. This indicates that dasatinib may be an effective drug for treating clini- brane (Merck Millipore) 48 hours after replacement with fresh media. Virally infected cells were selected in puromycin for 96 hours.
Real-time semiquantitative PCR. Total RNA was extracted from cells using TRIzol Reagent (Invitrogen, Thermo Fisher Scientific) according to the manufacturer's instructions. Total RNA was retrotranscribed into first-strand cDNA using the RevertAid First Strand cDNA Synthesis Kit (Fermentas). The cDNAs were then used for regular PCR or real-time PCR (qPCR) on a 7500 Fast Real-Time PCR System (Applied Biosystems) using SYBR Green Master PCR Mix (Roche). Actin served as an internal control. The relative quantification of gene expression was analyzed by the 2 −ΔΔCt method. The primers used for qPCR analyses are listed in Supplemental Table 2 .
Co-IP. HEK293T cells were transfected with the plasmids using Lipofectamine LTX Reagent with PLUS Reagent (Invitrogen, Thermo Fisher Scientific) according to the manufacturer's instructions. Cells were lysed, and the supernatants were incubated with the antibodies and protein A/G agarose. The incubation was performed at 4°C for 4 hours and then washed 4 times with NETN buffer (20 mM Tris-HCL [pH 8.0], 100 mM NaCl, 0.5% NP40, 1 mM EDTA). The immune complexes were subjected to SDS-PAGE and analyzed by immunoblotting.
GST-pulldown assay. Purification of GST-tag-fused recombinant proteins and GST-pulldown analyses were performed as described previously (76) . Briefly, the pGEX4T1-SOCS3 plasmid was transformed into BL21-competent (DE3-competent) cells. The recombinant GST-SOCS3 proteins were expressed by isopropyl β-d-1-thiogalactopyranoside (IPTG) induction for 18 hours at 16°C. The proteins were purified using GST agarose (GE Healthcare, 17-0756-01) according to the manufacturer's instructions. Agarose-bound GST-SOCS3 proteins were further incubated with eukaryotic protein Flag-integrin β1. The incubation was performed at 4°C for 4 hours followed by washing 4 times with NETN buffer. Samples were resolved by SDS-PAGE and subjected to immunoblot (IB) analyses.
IB analyses. IB analyses were performed as described previously (77) . Briefly, whole-cell lysates (WCLs) were prepared in lysis buffer supplemented with protease inhibitors (Roche). Equal amounts of protein were resolved by electrophoresis on gradient gels (Bio-Rad) and electro transferred onto a PVDF membrane. After incubation in blocking buffer (50 mM Tris-buffered saline [pH 7.4] containing 5% nonfat dry milk and 0.1% Tween-20), the membranes were probed with the primary antibodies, followed by incubation with HRP-conjugated goat anti-rabbit IgG or goat anti-mouse IgG. Bands were revealed with an ECL kit (Thermo Fisher Scientific) and recorded on x-ray films (Carestream). Images were captured using the FluorChem 8000 imaging system (Alpha Innotech).
Cell proliferation assay. For cell proliferation assays, 800 RT cells were seeded in 96-well plates (Nest), and the viability of the cells was measured at various time points. At specified time points (days 1-5), 20 μl MTS (Promega) solution was added to each well, and the cells were incubated at 37°C for 2 hours. Next, absorbance was measured in single-wavelength mode (490-nm) using a Multiskan MK3 Microplate Reader (Thermo Fisher Scientific).
For human SCLC cell proliferation and cytotoxicity assays, 2000 cells were seeded in 96-well plates (Corning), and the viability of the cells was measured at various time points. At specified time points, 100 μl CellTiter-Glo buffer (Promega) was added to each well. Next, absorbance was measured using a BioTek Synergy Neo Microplate Reader. mouse model (6) . The human SCLC cell line H345, the human cervical cancer cell line HeLa, and human embryonic kidney cells (HEK293T) were obtained from the American Type Culture Collection (ATCC). The H345 and RT cell lines were maintained in RPMI 1640 (Hyclone), while the HEK293T and HeLa cells were cultured in DMEM (Hyclone) supplemented with 10% FBS and subcultured every 2 days. Viral infection was performed as previously described (74) . In all experiments, cells in the log phase were seeded for 24 hours, and the medium was replaced with fresh medium with or without drugs.
Genome-scale CRISPR/Cas9 screen. The mGeCKOa library was obtained from Addgene (catalog 1000000052). To produce virus, the mGeCKOa pooled plasmids were cotransfected into HEK293T cells with the lentiviral packaging plasmids psPAX2 and pMD2.G (Addgene plasmids 12260 and 12259). Briefly, HEK293T cells were seeded in 10-cm dishes until about 80% confluence and then transfected with 8 μg mGeCKOa, 6 μg psPAX2, and 4 μg pMD2.G, and the viral particles were harvested 48 hours after the change with fresh media. The mouse SCLC cell line RT was then infected with lentivirus carrying the mGeCKOa library or tomato control (sgCtrl) at a MOI of 0.3, and selection was performed 48 hours later with 10 μg/ml puromycin. After in vitro culture for 1 week, a total of 6 × 10 7 cells were subcutaneously transplanted into the right side flank of nude mice (n = 60; 1 × 10 6 for each mouse) (Lingchang Company). The library representation (cells per lentiviral CRISPR construct) was greater than 400×. Seven weeks after transplantation, the mice were sacrificed and analyzed for metastatic tumors in distant organs including the lungs and liver. The metastasis tumors were extracted for genomic DNA and PCR amplified for the genomic region flanking sgRNA target sites, which were subjected to Sanger sequencing. Through the blast analyses in the NCBI database, the candidate genes were identified and are listed in Supplemental Table 1 . The primers used for Sanger sequencing are listed in Supplemental Table 2 .
Genomic editing with sgRNA. Genomic mutations in RT and H345 cells were generated using the CRISPR/Cas9 system as previously described (43, 75) . sgRNA target sequences were designed using publicly available software (http://crispr.mit.edu/) and inserted into the lentiCRISPRv2 (Addgene, catalog 98290) or pSECC (Addgene, catalog 60820) vector using the BsmBI restriction enzyme. SgRNA against the tomato gene was used as a negative control (sgCtrl). All the sgRNA target sequences used are listed in Supplemental Table 3 .
shRNA constructs. Sequences for constructing shRNA targeting CUL5 or SOCS3 were obtained from MilliporeSigma and are listed in Supplemental Table 3 . Various shRNAs against target genes were cloned into the pLKO.1 vector.
Plasmid constructs and mutagenesis. Human and mouse CUL5, SOCS3, or ITGB1 were PCR amplified and cloned into the pCDH-puro, pLEX-flag, pcDNA3.1, or pGEX-4T-1 vector. All primers used are listed in Supplemental Table 2 . ITGB1-Flag construct was a gift of Jianfeng Chen (Shanghai Institute of Biochemistry and Cell Biology). ITGB1 or CUL5 point mutations were generated using the QuickChange Site-Directed Mutagenesis Kit (Stratagene).
Lentivirus production and infection. Lentiviral packaging and infection were done as previously described (74) . Briefly, HEK293T cells were cotransfected with pCDH, pLEX, Lenti-vector, or pLKO.1 constructs and the packaging plasmids psPAX2 and pMD2.G. All media were removed after 6 to 8 hours and replaced with fresh DMEM plus 10% FBS. Viruses were collected and filtered with a 0.45-μm mem- (RT) mice were maintained on a mixed genetic background (C57Bl/6, BALB/c, and S129) as previously described (79) . Mice at 8 weeks of age were given adenovirus-CMV-Cre recombinase (Adeno-Cre, 2 × 10 6 PFU) by intratracheal intubation (80) to allow for Cre-lox-mediated recombination of floxed Trp53 and Rb1 alleles. Mice were then aged up to 32 weeks to allow for SCLC disease development. Primary lung tumors and/or metastatic liver tumors freshly dissected from RT mice (n = 10) 32 weeks after Adeno-Cre infection were all included for pathological analyses including H&E and IHC staining. H&E and immunohistochemical staining. H&E and immunohistochemical stainings were performed as previously described (78, 81) . Briefly, mice were sacrificed and lung tissues were inflated and fixed in 10% formalin, embedded in paraffin, sectioned at 5-μm thickness, and then stained with H&E. Tumor numbers and burden were measured in 5 continuous sections with 100-μM intervals in each mouse.
For immunohistochemical staining, slides were deparaffinized in xylene and ethanol and rehydrated in water. Antigen retrieval was performed by heating slides in a microwave for 20 minutes in sodium citrate buffer (pH 6.0). Slides were quenched in hydrogen peroxide (3%) to block endogenous peroxidase activity and then washed in TBS with Tween-20 (TBST) buffer. The primary antibodies were incubated at 4°C overnight followed by use of the SuperPicture Polymer Detection Kit (Life Technologies, Thermo Fisher Scientific) according to the manufacturer's instructions and as previously described (77, 81) . To calculate the percentage of cells positive for Ki-67, CC3, or CD31 in the immunohistochemical stainings, at least 10 to 15 high-power fields (HPF) from each mouse and a total of over 100 HPF were randomly selected for statistical analyses as described previously (74, 77) . The following antibodies were used for immunostaining: integrin β1 (catalog ab52971, Abcam); CC3 (product no. 9661s, Cell Signaling Technology); SOCS3 (catalog 14025-1-AP, ProteinTech); Ki-67 (product no. NCL-Ki67p, Leica Biosystems); CD31 (product no. D160721, Sangon); CUL5 (catalog sc-373822, Santa Cruz Biotechnology); and NCAM (catalog A7913, ABclonal).
Human lung cancer specimens. Human SCLC tissue specimens were used for immunohistochemical staining for CUL5, SOCS3, and integrin β1 and statistical analyses. Immunohistochemical staining was blindly scored as low or high according to staining density and subjected to analysis for clinical relevance as previously described (74, 77) .
Statistics. Statistical analysis was performed using GraphPad Prism 5 (GraphPad Software). Unless otherwise indicated, data were analyzed by 2-tailed Student's t test for 2 groups, and 1-way ANOVA followed by the Newman-Keuls multiple comparisons test was used to analyze statistical significance among multiple groups. Survival analysis was performed using the Kaplan-Meier method and comparisons made by logrank (Mantel-Cox) test. Data are shown as the mean ± SEM. A P value of less than 0.05 was considered statistically significant.
Study approval. Animal experiments were conducted following the NIH guidelines and were approved by the IACUC of the Institute of Biochemistry and Cell Biology, Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences. Human SCLC specimens were collected with the approval of the institutional review committee of Zhejiang Cancer Hospital (Hangzhou, China). All patients gave written informed consent.
Soft agar colony formation assay. Anchorage-independent cell growth was assessed by a soft agar assay as described before (78) . In brief, 3% melting agarose was prepared and mixed with RPMI 1640 to make 0.4% and 1% agarose at 40°C. Two milliliters of 1% agarose was added to the bottom of the six-well plate. Cells (6000 per well) were mixed with 2 ml of 0.4% agarose, and the mixture was added on top of the 1% agarose. After routine culturing for 3 weeks, the cells were stained with 0.005% crystal violet, and the colonies (>1 mm in diameter) were counted. All experiments were performed in triplicate.
Anoikis assay. Anoikis was induced by plating cells on poly-HEMA-coated culture plates. Twenty-four hours after plating, the cells were collected by gentle pipetting and centrifuged to pellet down for the apoptosis assay.
Transwell migration assay. To remove primary tumors of comparable volume, the Cul5-knockout tumors were surgically removed on day 14, and the control tumors were removed on day 21. Four weeks later, the mice were sacrificed and analyzed for distant organ metastases. CTC collection and analyses. Mouse SCLC RT cells stably expressing GFP fluorescence were sorted using a BD FACSAria II flow cytometer. The GFP + RT cells with or without Cul5 knockout were subcutaneously transplanted into the flanks of nude mice. Mice were anesthetized with 2.5% avertin, and a 5-mm-pore-diameter needle was used to puncture the orbit and aspirate 200 μl whole blood into a 1-ml syringe primed with heparin sodium, and the blood was directly injected into a K2 EDTA-coated BD 367481 Vacutainer. Approximately 100 μl whole blood was added to 5 ml of 1× RBC lysis buffer, pelleted, and resuspended in 5 ml PBS with 0.5% FBS. Cells were then pelleted and resuspended in 500 μl PBS, and GFP positivity mirroring CTCs was measured on a BD LSR II flow cytometer. Animal studies. Specific pathogen-free, 5-week-old male BALB/c nude mice were purchased from the Lingchang Company and housed under pathogen-free conditions in microisolation cages. The animals were acclimated for 1 week before experiments. The mouse or human SCLC cells (1 × 10 6 cells/100μl in PBS) in the logarithmic growth phase were subcutaneously injected into the right flank of nude mice. One week after inoculation, the mice were intragastrically administrated vehicle (5% PEG-400 and 1% Tween-80 in PBS) or dasatinib (30 mg/ kg) for 4 consecutive weeks. The dosage of dasatinib used was based on previous reports (72) and our preliminary experiments. The tumor area (A) was measured with a caliper weekly and calculated with the
